This is an open access article under the CC BY-NC license. www.medicaljournals.se/acta Acta Derm Venereol 2018; 98: 888-895 888 SIGNIFICANCE Methotrexate is a commonly prescribed drug used in auto immune and inflammatory diseases, such as rheumatoid arthritis and psoriasis. However, it has been linked with an increased risk of melanoma. This retrospective registrybased nationwide cohort study, including all Swedish pa tients over 18 years of age in the period 2005 to 2014, found no increase in risk of melanoma related to higher ac cumulated doses of methotrexate. The absence of a doseresponse relationship casts doubt on a possible association between methotrexate and the risk of melanoma, which is reassuring to physicians in everyday clinical practice.
M ethotrexate (MTX) was first developed in the 1940s (1) . It is an antimetabolite and antineoplastic drug with immunosuppressive properties (2) that acts as an antagonist of folic acid. MTX is used in a range of inflammatory diseases, such as psoriasis (Pso), psoriatic arthritis (PsoA) and rheumatoid arthritis (RA).
Unsurprisingly, an immunosuppressive drug such as MTX, which has been used clinically for decades, has been under scrutiny regarding risk of development of cancer. Several studies have been performed regarding exposure to MTX and risk of malignancies in patients with Pso; however, no increase in risk of cutaneous malignant melanoma (CMM) has been reported (3) (4) (5) . Moreover, patients with gestational trophoblastic tumours treated with MTX and folic acid as a single chemo therapeutic regimen were not found to have an increased risk of CMM (6) . In an Australian cohort consisting of patients with RA treated with MTX, Buchbinder et al. (7) demonstrated a 3-fold increase in risk of CMM; however, the accumulated dose was not taken into consideration.
In a previous study, we observed a small, but significant, increase in risk of CMM in patients treated with MTX compared with MTX-unexposed, sex-and agematched subjects (8) . However, the model considered only whether patients had ever been exposed to MTX (including trivial exposure) and did not take into account the accumulated dose. To further investigate a potential association between MTX exposure and CMM, the aim of the present study was to determine whether there was a dose-response relationship between accumulated MTX dose and CMM.
METHODS

Design overview
The raw data analysed and methods in this study used have been described previously (8) . A nationwide retrospective registry-based cohort study was conducted. Data collection was approved by the regional ethics board (approval number 461-15).
Databases, study participants and exposure
Data were obtained from the Swedish prescribed drug register (9) for all patients in Sweden over 18 years of age who were dispensed a prescription of MTX (ATC codes: L04AX03 and/or L01BA01) from Swedish pharmacies in the period 1 August 2005 to 31 December 2014 (MTX-exposed group). Detailed information on all dispensed prescriptions of MTX was available, including route of administration (oral/parenteral) and dose. For the respective MTX-exposed patients, all dispensed MTX prescriptions were calculated, adding up to a total accumulated dose (in g) during the time period studied. Patients with a missing accumulated dose were excluded from the analysis. Only outpatient prescriptions were obtained, since inpatient administration is not included in the registry. For each MTX-exposed patient, 5 age-and sex-matched patients who had been dispensed any pharmaceutical drug other than MTX were randomly selected (MTX-unexposed group). The unexposed patients were dispensed their drugs within a period of ± 1 month from the date of the first MTX prescription dispensed to the patients in the MTX-exposed group. Data generated were matched to the Swedish cancer registry (10) , which has a virtually complete capture rate (11) . All history of CMM (invasive and in situ melanomas) was obtained from the start of the registry in 1958 until 2014. Data from the Swedish cause of death register (12) were obtained, providing the date and cause of death for diseased individuals in the study time period.
Primary outcome
• To investigate whether, within the MTX-exposed group, there is an increased hazard ratio (HR) for CMM with respect to an increase in the total accumulated MTX dose, controlling for the time from first to last exposure to MTX.
Secondary outcomes
• To compare the CMM incidence rate for the MTX-exposed group, divided into subgroups according to total accumulated dose intervals, with the incidence rate of the entire Swedish population. • To compare the MTX-exposed patients who had their first MTX prescription in 2005, and therefore had the longest follow-up time, with their MTX-unexposed counterparts with respect to time to CMM in a survival analysis. The analyses were also stratified with respect to total accumulated MTX dose. • To compare the risk of CMM between the MTX-unexposed group and the MTX-exposed group only dispensed parenteral prescriptions of MTX. • To compare overall mortality, including all causes of death, between the MTX-exposed and MTX-unexposed groups.
Observation period and censoring
The start dates for the observation period were taken as the dates of the first MTX prescription dispensed in the observation period and the dispensed prescription of the random drug. Patients were censored due to death or end of study period. Data on emigration was not obtained. Patients with a previous history of CMM before the first dispensed prescription were excluded.
Statistical analyses
All data were analysed using R version 3.0.3 (The R Foundation for Statistical Computing, Vienna, Austria).
Primary analysis
• A Cox proportional hazards regression model was used with the time from first observed dispensed MTX prescription to the first CMM as the dependent variable. Only patients in the MTX-exposed group were included in the primary analysis. The independent variables used were: sex, age group at treatment start, total accumulated MTX dose (g), and time from first to last dispensed prescription of MTX during the period 2005 to 2014. This last variable was divided into the following groups: 0 (MTX only dispensed at one time i.e. single day dispensation), > 0 to ≤ 2 years, > 2 to ≤ 4 years, > 4 to ≤ 6 years, > 6 to ≤ 8 years and > 8 to ≤ 10 years. The age groups at treatment start were divided into the following intervals: ≤ 40, > 40 to ≤ 50, > 50 to ≤ 60, > 60 to ≤ 70 and > 70 years). The same analysis was repeated within each subgroup of the above 6 periods between the first and last dispensed prescription of MTX. The HRs and confidence intervals corresponding to a total MTX exposure of 1 g were calculated for each model. Finally, the above analyses were also performed in 2 subanalyses for the MTX-exposed patients who had prescriptions provided exclusively by a rheumatologist or a dermatologist, respectively.
Secondary analyses
• The overall incidence rates of CMM during the period 2005 to 2014 and the corresponding standardized incidence ratios (SIR) (MTX observed/MTX expected) were calculated and Poisson tests were performed. The expected incidences were computed, keeping the sex and age distribution from the MTX-exposed fixed, but assuming the same underlying incidence of CMM as in the Swedish general population. The above analysis was performed within subgroups divided according to total accumulated MTX dose into the following groups: ≤ 2, >2 to ≤ 4, > 4 to ≤ 6, > 6 to ≤ 8 and > 8 g. • Cox proportional hazards regression models were used to compare the time to CMM between the MTX-exposed patients who received their first dispensed prescription of MTX in 2005 and their corresponding MTX-unexposed counterparts with sex and age group as independent variables. The analysis was separated into 5 models corresponding to the above-mentioned dose intervals. In each model, the MTX-exposed individuals were compared with their respective MTX-unexposed counterparts. • A Cox proportional hazards model was used where the MTXexposed patients with exclusively parenteral MTX administration were compared with their corresponding MTX-unexposed subjects with respect to CMM risk, with sex and age group as independent variables.
• A Cox proportional hazards model was used to compare overall mortality (i.e. overall survival analysis), with respect to all causes of death, between the MTX-exposed and MTX-unexposed groups, stratifying with respect to sex and age group.
All tests were 2-sided and p < 0.05 was considered statistically significant.
RESULTS
In total, 101,144 of the 101,169 MTX-exposed patients without a prior history of CMM before initiation of MTX, had an accumulated dose value and were included in the analyses ( Table I) .
Primary analysis
• The risk of CMM did not significantly depend on dose (p = 0.41). The model yielded a HR of 1.02 (95% CI 0.97-1.08) for 1 g of total MTX exposure. The patients were divided into groups with respect to time from the first to the last MTX exposure and the same analysis was performed within each group. No significant association with respect to dose was found for the risk of CMM in any subgroup: single day dispensed prescription, p = 0.57; HR 2.71 (95% CI 0.09-83.9); > 0 to ≤ 2 years, p = 0.32; HR 1.21 (95% CI 0.83-1.78); > 2 to ≤ 4 years, p = 0.77; HR 0.97 (95% CI 0.79-1.19); > 4 to ≤ 6 years, p = 0.84; HR 1.02 (95% CI 0.88-1.18); > 6 to ≤ 8 years, p = 0.20; HR 1.07 (95% CI 0.96-1.19) and > 8 to ≤ 10 years, p = 0.98; HR 1.00 (95% CI 0.93-1.07). When the above analysis was repeated for subgroups of patients with an exclusive prescription from a rheumatologist or a dermatologist, respectively, no significant dependence between the risk of CMM and the accumulated dose was observed in either subgroup (Fig. 1) .
The distribution of the total accumulated doses within each subgroup is shown in Fig. 2 and Figs S1-S2 1 .
Secondary analyses
• The observed and expected incidence rates of CMM within different intervals of the total accumulated MTX dose were compared. A significant risk increase was seen for MTX-exposed individuals compared with the Swedish population for the dose intervals > 2 to ≤ 4 g (standardized incidence ratio (SIR) 1.3, 95% CI 1.1-1.4; p = 0.001), > 4 to ≤ 6 g (SIR 1.2, 95% CI 1.0-1.4 p = 0.006) and > 6 to ≤ 8 g (SIR 1.3, 95% CI 1.0-1.5; p = 0.014). However, no risk increase was observed for the groups ≤ 2 g (SIR 1.0, 95% CI 0.9-1.2; p = 0.47) and > 8 g (SIR 1.2, 95% CI 0.9-1.5; p = 0.20) (Table II) .
• Patients who had a first prescription of MTX in 2005 (n = 29,235) were compared with their MTX-unexposed counterparts with respect to risk of CMM (Table  SI 1 and Fig. S3 1 ) . A significant difference in the risk of CMM between the MTX-exposed and unexposed individuals was observed in the subanalyses in which MTX-exposed patients had a total accumulated dose of > 4 to ≤ 6 g, p = 0.006; HR 1.45 (95% CI 1.11-1.88); and > 6 to ≤ 8 g, p = 0.044; HR 1.36 (95% CI 1.01-1.82). However, no significant differences between MTXexposed and unexposed individuals were observed in the subanalyses corresponding to ≤ 2 g, p = 0.49; HR 1.12 (95% CI 0.82-1.52); > 2 to ≤ 4 g, p = 0.18; HR 1.23 (95% CI 0.91-1.65) and > 8 g, p = 0.58; HR 1.11 (95% CI 0.77-1.58). • Patients with an exclusively parenteral MTX exposure (n = 3,774) were compared with their respective per 100,000 person years among the MTX-exposed. b The expected incidence rate in the methotrexate (MTX)-exposed group with sex and age distribution maintained, but assuming that the underlying incidence was equal to the general population. c The total number of CMM (including in situ melanomas) among individuals > 20 years in the entire Swedish population in the period 2005 to 2014. Standardized incidence ratios (SIR) differing significantly from 1 are denoted by *(p < 0.05) and **(p < 0.01). CI: confidence interval. MTX-unexposed patients (n = 18,699) for a difference in risk of CMM. No significant difference was found between parenteral MTX-exposed and unexposed patients, p = 0.85 and a HR of 1.05 (95% CI 0.64-1.72) ( Fig. 3) . In 2 subanalyses, patients with exclusively parenteral MTX exposure only having prescriptions from a dermatologist or a rheumatologist, respectively, were compared with their respective MTX-unexposed patients and no significant differences in risk of CMM were found (data not shown). • Finally, comparing the overall mortality after first dispensed prescription, including all causes of death between the MTX-exposed and MTX-unexposed, yielded an increased mortality for the MTX-unexposed among men > 40 years and an increased mortality for MTX-exposed among women aged ≤ 50 and > 70 years (Table III and Fig. 4) .
DISCUSSION
This nationwide, retrospective and registry-based cohort study, found no conclusive or convincing evidence for a dose-response association between exposure to MTX and the risk of CMM. Since a dose-response relationship might prove difficult to assess, we believe it is essential to address a potential association using different models. The primary analysis aimed to determine whether there was a correlation between the accumulated MTX dose and the risk of CMM controlling for sex and age group at treatment start. This analysis was repeated within groups that had a total exposure time divided into predefined intervals; in effect comparing patients who had approximately the same overall exposure time, but different doses. The purpose of performing subgroup analyses was to avoid a bias resulting from a correlation between higher accumulated doses and not being censored. In order to address indication bias, subanalyses with patients whose prescriptions were exclusively from either a dermatologist or a rheumatologist were performed. Overall, stratifying with respect to exposure time, and within each subgroup, no significant correlation between accumulated dose and the risk of CMM was found.
In a second analysis, the expected incidence rates for the time period in the MTX-exposed group were com- pared with the observed incidence rates, using incidence for the Swedish population. A significant risk increase was found in 3 of the 5 subgroups: > 2 to ≤ 4 g, > 4 to ≤ 6 g, and > 6 to ≤ 8 g. Thirdly, the risk of CMM in the MTX-exposed individuals was compared with their corresponding unexposed counterparts, dividing them into subgroups defined by intervals of total accumulated dose of MTX. Only patients with their first dispensed prescription in 2005, and hence having the longest potential follow-up time, were included in this model. A significant increase in risk was found for the MTX-exposed among the patients, with an accumulated dose of > 4 to ≤ 6 g and > 6 to ≤ 8 g, but not in the other 3 groups. However, when interpreting the above results from subanalyses 2 and 3, it is important to take into account the intrinsic censoring bias for the MTX-exposed patients with higher accumulated doses, as they are less likely to be censored compared with the Swedish population and the MTX-unexposed group, respectively. On the other hand, patients with an accumulated dose of more than 8 g would be the least likely to be censored, but did not differ significantly from the MTX-unexposed or the Swedish population regarding CMM risk or CMM incidence, respectively.
Parenteral MTX administration has a higher bioavailability compared with oral intake (13, 14) . Thus, it could be expected that patients with exclusive dispensed prescriptions of MTX would have an even higher increase in risk of CMM compared with their respective unexposed counterparts than in our previous article comparing all MTX-exposed and MTX-unexposed patients (8) . No difference in the risk of CMM in this subset and their respective MTX-unexposed patients was seen.
Interestingly, the overall mortality, including all causes of death, differed between MTX-exposed and MTX-unexposed individuals within certain sex and age groups. Particularly for women younger than 50 years, a significantly increased mortality was observed for MTXexposed individuals. It is unlikely that this observation is due to MTX exposure; it might rather be explained by disease-associated mortality (confounding by indication). On the other hand, for men older than 40 years, a lower mortality rate was observed among MTX-exposed compared with the MTX-unexposed group. Indeed this observation is interesting and opens up to speculation about a potential protective effect of MTX among men. However, due to residual confounding, this association is premature and further research is needed. 
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The results of the present study are conflicting, as they do not reproduce entirely within our models. If there is a dose-response relationship between accumulated doses of MTX and risk of CMM, the association might be too small to discern. Moreover, the risk of CMM might increase after a specific threshold value rather than being linear. Finally, the observation period used in the present study might be too short to discern a clear dose-response association. As an example, psoralen plus UVA (PUVA) treatments enhanced the risk of CMM 15 years after the first treatment, and the increase in risk was more pronounced in patients with more than 250 treatments (15, 16) .
A publication investigating 6 human melanoma cell lines in vitro, demonstrated that MTX upregulates Fas/ FasL and enhances melanoma apoptosis, which might suggest an anti-neoplastic effect. The findings indicate preclinical evidence that MTX might be used for combination therapy regimens directed against melanoma (17) . Another publication suggested a lower risk of metastasis in a human melanoma cell line in mice treated with MTX (18) . Moreover, some of the cytokines that may affect melanogenesis and melanocytic growth (interleukin (IL)-1a, IL-6 and tumour necrosis factor alpha (TNF-α)) have also been reported to be involved in the pathogenesis of Pso (19) . MTX reduces the production of proinflammatory cytokines IL-4, IL-6, IL-13, TNF-α and interferon gamma (20) . IL-6 plays an important role in the development and progression of melanoma (21) and it might be hypothesized that MTX treatment could reduce the risk of development of a CMM by reducing the production of pro-inflammatory cytokines.
Investigating and reporting adverse and unexpected effects from pharmaceutical drugs is key to the introduction of novel drugs. Moreover, side-effects might shed light on possible disease-causing mechanisms. As an example, sildenafil was recently linked to an increased risk of melanoma (22) . However, subsequent publications have not been able to reproduce an evident increased risk in patients with a dispensed prescription of phosphodiesterase inhibitors. Moreover, a clear doseresponse association was not seen (23, 24) .
To the best of our knowledge, the present study is the first to address whether there is a dose-response relationship between risk of CMM and MTX exposure. The cohort also includes a large number of patients, which is necessary in order to discern even a weak association. Recently, an Australian publication investigated the risk of non-melanoma skin cancer (NMSC) in an Australian cohort of patients with rheumatic disease (n = 405) (25) . The authors concluded that exposure to MTX increased the risk of NMSC, and there is some suggestion of a dose-dependent trend in risk of NMSC with increasing dose. However, patients with accumulated doses over 8 g had a SIR 4.81 (95% CI 3.60-6.29). In our cohort, patients with MTX exposure over 8 g did not have an increased risk of CMM.
When analysing our results it is critical to mention confounding by indication. Even though the exact diagnosis that prompted MTX prescription was not included in our database, most patients with a prescription exclusively from a dermatologist or rheumatologist were likely to have Pso or RA, respectively. Pso as an independent risk factor for development of CMM is hard to assess due to confounding phototherapy treatment. In a large meta-analysis investigation, 14 studies were included. No increased risk of CMM was observed (SIR 1.07, 95% CI 0.85-1.35), whereas the risk of NMSC was enhanced (26) . In a Danish nationwide cohort study, patients with mild Pso had an increased risk of CMM, whereas patients with severe disease did not (27) . Similar results were presented in a British cohort (28) . In a Swedish nationwide, population-based, prospective, cohort study, patients with RA who were not treated with TNF inhibitors did not have an enhanced risk of in situ or invasive CMM compared with the general population. On the other hand, patients with RA exposed to TNF inhibitors had a 50% increased relative risk of development of invasive melanoma compared with unexposed patients with RA. No corresponding risk increase was observed for in situ melanoma or invasive cancer at all sites (29) . Interestingly, in a European collaboration project including 11 registers, no increase in risk of invasive CMM was seen for patients with RA treated with TNF inhibitors (SIR 1.2, 95% CI 0.99-1.6).
Importantly, the present study has some limitations. First, only data on dispensed prescriptions of MTX were obtained, omitting concomitant medication, which could have confounded the results. Moreover, it is likely that patients with only a trivial exposure or short duration of MTX treatment either had a more severe disease or experienced side-effects and were moved to another drug. Due to the retrospective design, data for relevant risk factors, such as a family history of CMM, skin type or detailed ultraviolet (UV) exposure history, could not be obtained. A higher level of UV exposure is expected in the group pf patients prescribed MTX by a dermatologist where no significant increase in risk of CMM was seen. Thus, it is not excluded that, albeit not being significant, the risk in this group may be exaggerated. The present study was conducted in a Swedish population, which might not be comparable to other countries in terms of the population skin types. Significantly, as mentioned above, the diagnosis that prompted MTX prescription was unknown, as this information was not part of the database analysed. Subanalyses for a cohort with Pso and patients with RA would have contributed substantially. Finally, the present study lacks data about relevant comorbidities and hospitalizations.
To summarize, these results do not prove a conclusive reproducible dose-response relationship between CMM risk and MTX dose, and thus cast doubt on such an association.
